A coprecipitation method has been developed for the determination of Cr(III), Mn(II), Fe(III), Co(II), Cu(II), Cd(II) and Pb(II) ions in aqueous samples by flame atomic absorption spectrometry (FAAS) with the combination of pyridine, nickel(II) as a carrier element and potassium thiocyanate as an auxiliary complexing agent. The obtained coprecipitates were dissolved with nitric acid and measured by FAAS. The coprecipitation conditions, such as the effect of the pH, amounts of nickel, pyridine and potassium thiocyanate, sample volume, and the standing time of the precipitate formation were examined in detail. It was found that the metal ions studied were quantitatively coprecipitated with tetrakis(pyridine)-nickel(II)bis(thiocyanate) precipitate (TP-Ni-BT) in the pH range of 9.0 -10.5. The reliability of the results was evaluated by recovery tests, using synthetic seawater solutions spiked with the analyte metal ions. The obtained recoveries ranged from 96 to 101% for all of the metal ions investigated. The proposed method was validated by analyses of two certified reference materials (NIST SRM 2711 Montana soil and HPS Certified Waste Water Trace Metals Lot #D532205). It was also successfully applied to seawater and dialysis solution samples. The detection limits (n = 25, 3s) were in the range of 0.01 -2.44 mg l -1 for the studied elements and the relative standard deviations were £6%, which indicated that this method could fully satisfy the requiremets for analysis of such samples as seawater and dialysis solution having high salt contents.
Introduction
Some metals are well known essential for survival and health of humans and animals although they are toxic and sometimes possible carcinogen to living organisms. Because of this reason they are among the most widely determined trace metals in various samples such as biological, environmental, metallurgical, food, and beverages, etc. Since all these samples include complex matrices and heavy metals are generally present at low levels in these samples, analyses of them require sensitive and selective methods for the determination of metals. One of the most reliable methods to determine metals at low levels is flame atomic absorption spectrometry (FAAS). The detection limits of FAAS, however, is not usually sufficient to determine metal ions at mg l -1 levels. This phenomenon is frequently required to combine the FAAS with a preconcentration technique to improve its detection limits and/or sensitivity. For these reasons, the direct determination of the trace metal ions in the samples such as seawater and dialysis concentrates by FAAS is a very difficult task, i.e., the low concentrations of the metal ions and also interference effects of matrix components present in the named samples. In many cases, the usage of a separation and/or preconcentration method is required prior to analysis of the samples in order to improve the sensitivity and accuracy of atomic spectrometric techniques. For this purpose, solvent extraction, 1 ion-exchange, 2, 3 electrolytic deposition, 4 vaporization, 5 solid-phase extraction, 6, 7 and coprecipitation with phosphates, [8] [9] [10] [11] hydroxides, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] various dithiocarbamates, [28] [29] [30] [31] [32] [33] have been proposed for preconcentration and separation of analyte ions from various matrix media. Döner and Ege 34 have investigated for the determination of copper, cadmium and lead in aqueous solutions by flame atomic absorption spectrometry after coprecipitating with aluminum hydroxide. Atsuya et al. 35 used nickel as a carrier element combined with ammonium pyrrolidinedithiocarbamate (APDC) to collect and determine traces of lead and selenium from aqueous solutions by graphite furnace atomic absorption spectrometry. Additionally, many metal hydroxides having lowsolubility products have been used for coprecipitation purposes of trace metals from various media: such as indium, [36] [37] [38] erbium, 39 cerium(IV), 40 samarium, 41 terbium, 42 and lanthanum hydroxide. 43, 44 A nickel sulfide fire assay and a tellurium coprecipitation technique were performed for the determination of platinum group elements with ICP-MS. 45, 46 In some recent studies, Cu(II)-chelating agent coprecipitation systems were also appeared for the determination of various heavy metals by using FAAS [47] [48] [49] [50] and ICP-MS. 51 In the current work, an attempt was made to establish a simple, rapid and reliable method to determine the Cr(III), Mn(II), Fe(III), Co(II), Cu(II), Cd(II) and Pb(II) ions by FAAS in artificial and real seawater samples, and dialysis solutions (a peripheral dialysis) after separation/preconcentration using the tetrakis(pyridine)nickel(II)bis(thiocyanate) precipitate (TP-Ni-BT) 52 coprecipitation system. The objective of the work reported here was to investigate the determinations of Cr(III), Mn(II), Fe(III), Co(II), Cu(II), Cd(II) and Pb(II) ions by FAAS in salty samples after a separation/preconcentration procedure using the TP-Ni-BT 52 coprecipitation system under strictly 752 ANALYTICAL SCIENCES JUNE 2008, VOL. 24 controlled experimental conditions.
The experimental conditions that affect the coprecipitation ability and separation efficiency, including the effect of pH, amounts of nickel, pyridine and potassium thiocyanate, volume of sample, and the standing time of the precipitate formation, were investigated in detail. The recovery values of the metals under different analytical conditions were used to elucidate the optimization of the method.
Recoveries for manganese, cobalt, copper, cadmium and lead in seawater samples and for chromium, manganese, cobalt, copper, cadmium and lead in dialysis solutions were found to be quantitative (>95%). As far as we know, there has been no work based on the determination of trace metal ions by using the TP-Ni-BT coprecipitation system. The proposed TP-Ni-BT coprecipitation method is simple, useful and cheap with respect to the common chemicals used in the work, and was satisfactorily applicable to the analysis of salty aqueous samples.
Experimental

Apparatus
Perkin Elmer Model 3110 and AAnalyst 800 atomic absorption spectrometers equipped with a 10-cm acetylene-air burner and single element hollow-cathode lamps were used without any background correction for the determination of metal ions in the final measurement solutions. All operating conditions were as follows: wavelentghs, 324. 8 The carrier precipitate being formed in the medium including the analytes was filtered through by means of a filtration apparatus (Schleicher & Schuell GV050/0 vacuum filtrationglass apparatus, Germany) with a membrane filter (cellulose nitrate, 47 mm diameter and 0.45 mm pore size, Sartarious, Germany). When sample solutions had a volume of £50 ml, a centrifugation procedure was applied to separate the precipitate from the supernatant solutions. The blank solutions were run in triplicates at the same time during the analyses.
Chemicals and stock solutions
In the peparation of the stock solutions used, analytical reagent-grade chemicals and double-distilled deionized water were used. Stock solutions of the metals, 1000 mg l -1 , were prepared from their nitrate salts with 1 M HNO3. However, stock solution of Ni(II) ion as a coprecipitant element was prepared at a concentration of 50000 mg l -1 with 1 M HNO3, and a solution of KSCN, 5% (w/v), was prepared with water.
Synthetic seawater was prepared according to Lyman and Fleming formulation, 53, 54 and included the following substances in 1.0 l of its solution: 23.479 g of NaCl, 4.981 g of MgCl2, 3.917 g of Na2SO4, 1.102 g of CaCl2, 0.664 g of KCl, 0.192 g of NaHCO3, 0.096 g of KBr, 0.026 g of H3BO3, 0.024 g of SrCl2, and 0.003 g of NaF. One liter of the synthetic seawater contained a total of 34.481 g of soluble matter, of which there were 12.947 g of cations and 21.511 g of anions.
Sample collection
Surface seawater samples were collected from various districts of Turkey as proper to the sampling conditions; i.e., Trabzon and Rize in the Black Sea Region, Iskenderun and Mersin (Kız Kalesi) in the Mediterranean Sea Region, Aydın (Didim) in the Aegean Sea Region, and Izmit Bay in the Marmara Sea Region.
The pH values of all the seawater samples were adjusted to about 1.0 -1.5 with concentrated nitric acid (using ~5 ml of the acid per liter sample) after just sampling. 6 Once the acidified samples were brought to the laboratory, they were filtered through a membrane filter.
Experimental procedure
To a sample solution (from 50 to 750 ml) containing the analyte ions, 50 mg of Cr(III) and Pb(II), 5 mg of Cd(II), 25 mg of Fe(III), Cu(II), Co(II) and Mn(II), were added 0.3 ml of a stock nickel(II) solution (contains 15 mg of Ni), 0.3 ml of pyridine, and 2 ml of 5% (w/v) KSCN solution. After these additions, the pH of the solution was adjusted to about 10 with a 0.01 and/or 6 mol l -1 NaOH solution using a pH meter. To settle the resultant precipitate, the solution was allowed to stand for about 10 min. To separate the precipitate from the supernatant solution, if the sample volume was equal to 50 ml or less, the centrifugation process was performed at 3000 rpm for 5 min; otherwise, i.e., the sample volume higher than 50 ml, the precipitate was collected on a Sartarious membrane filter (cellulose nitrate, pore size 0.45 mm, diameter 47 mm) by using filtration technique. After dissolving the precipitate with 1 -2 ml of concentrated nitric acid by heating on a heating table, the final volume of the solution was made up to 10 ml with distilled water. Model studies performed with a distilled water medium were repeated with synthetic seawater solutions. The results acquired from both model solutions media, based on the recoveries, were similar. For this reason, in further studies the synthetic seawater samples were used as model solution media.
Blank determinations being made with distilled water were run according to the proposed procedure in triplicate analyses.
Analysis of dialysis concentrate
A peritoneal dialysis solution for hemodialysis was analyzed to check the performance of the method. This concentrate solution contained 13.6 g of anhydrous glucose, 5.7 g of sodium chloride, 3.9 g of sodium lactate, 275 mg of hydrated calcium chloride and 152 mg of hydrated magnesium chloride per 1 l (purchased from Eczacıbası Baxter, Turkey).
Analysis of the standard reference materials
A 50-mg aliquot of the standard reference material (NIST SRM 2711 Montana soil II) was digested with a mixture of concentrated hydrofluoric acid (2 ml), nitric acid (2 ml) and hydrochloric acid (1 ml) in a microwave oven (CEM-Mars 5, CEM Corporation, Matthews, NC). After cooling, the sample solution was made up to 100 ml, and then the proposed enrichment procedure was applied. The acquired precipitate was dissolved in a small amount of concentrated nitric acid and completed to 5 ml with 1 mol l -1 HNO3 for FAAS measurements. The microwave digestion conditions were as follows: maximum applied power, 600 W; pressure, 800 psi (54.4 bar); temperature, 220˚C; and holding times, 30 and 20 min, sequentially. The same reference material (45 mg) was digested by another method, i.e., the samples were treated three times sequentially with strong acid mixtures on a hot plate in a hood. In the first digestion step of the sample, 5 ml of aqua regia was used, and for the second and third digestions 1 -2 ml of concentrated HClO4 and 5 ml of aqua regia were used, respectively, for dissolving the sample. The residue was taken into a volume of 5 ml with a 1 mol l -1 HNO3 for measurement by FAAS. Each analysis was performed in triplicates.
The second reference material analyzed was the HPS Certified Waste Water Trace Metals Lot #D532205. A 10-ml aliquot of this reference water was diluted to 100 ml with water, and then the proposed method was applied. The final measurement volume was 5 ml.
Results and Discussion
Properties of the coprecipitant Pyridine forms insoluble complexes with the thiocyanates of Cd, Cu, Ni, Co, Zn, and Mn; these have the general formula M(SCN)2(C5H5N)n (n = 4 for Ni, Co, and Mn; n = 2 for Cu, Cd, and Zn). 55 The complexes are readily filtered. The method is rapid and applicable in the presence of alkali and alkaline-earth elements and of magnesium; considerable quantities of ammonium salts must be absent. A determination may be completed in 35 min. Two possible mechanisms in the coprecipitation process are taken into consideration: (1) mixed crystal formation, and (2) carrier precipitation. 56 A matrix ion in the ionic crystal lattice of the matrix precipitate can be replaced by a trace ion of the same sign to form a mixed crystal, when the matrix precipitate and trace compounds are isomorphous and their lattice constants (or ionic radii of matrix and traces) do not differ too much from each other. Solid compounds of dissimilar crystallographic types or lattice constants can also form mixed crystals having a limited miscibility. The above two types are often called the isomorphous and the anomalous mixed crystal formations, respectively. 56 Carrier precipitation is defined as a collection of the desired trace elements in solutions on a milligram quantity of another precipitate, which is called a collector, carrier or gathering precipitate, by coprecipitation and the simple mechanical carrier action.
In this case, coprecipitation, a disadvantage in matrix precipitation, is successfully taken advantage of. 56 
Effect of the amount of nickel on the analyte signals
Because of choosing nickel as a collector element, it would be at high concentration levels in the final solution, i.e., 1500 mg ml -1 for a 10 ml of the final solution. The effect of nickel on the analyte signals was examined by adding its various amounts, from 2.5 to 25 mg, to the calibration standards. No interference effect that originated from the carrier element was observed on the analyte signals for the calibration standards. Thus, the ratio of the analyte signals obtained from the standard solutions with and without Ni(II) ions, changed between 0.97 and 1.02 (n = 3).
Effect of the pH
The effect of the pH on the coprecipitative preconcentration of 50 mg of Cr(III) and Pb(II), 5 mg of Cd(II), and 25 mg of Fe(III), Cu(II), Co(II), and Mn(II) ions present in 50 ml of the model solution was studied in the pH range of 7.0 -11.0. The coprecipitation of the analyte ions onto tetrakis(pyridine)-nickel(II)bis(thiocyanate) is constant and maximum in the pH range 9.0 -10.5, except for Fe in the pH range 9.5 -10.5 and for Mn only at pH 9.0. In all subsequent experiments, the pH was adjusted to 10.0 with a diluted NaOH solution. This is because at this pH, all of the elements have quantitative recoveries (between 95 and 101%), except for Fe (only 84%). The low recovery values of Fe(III) after pH 9.0, may be attributed to formation of the Fe(SCN) 2+ complex, and also a low recovery for Cr(III) at pH 11.0 may related to its amphoteric character, and thus its easy dissolution in the presence of excessive OHions. The results are illustrated in Fig. 1 . The TP-Ni-BT precipitate occurs quickly within 10 min (except for Fe, requires about 25 min) in a bulky form, and can be easily separated from the supernatant solution either by centrifugation when the sample volume is less than 50 ml, or by filtration off when the sample volume is larger than 50 ml. In order to dissolve the precipitate formed, only 1 -2 ml of concentrated nitric acid is sufficient. As can be shown from Fig. 1 , the pH ranges for quantitative precipitation are 8.5 -11.0 for Cd and Cu, 7.5 -11.0 for Pb and Co, 9.0 -10.5 for Cr, 9.5 -11.0 for Mn, and 7.5 -9.0 for Fe with somewhat low recoveries, from 92 to 95% (at pH 9.0).
Effect of the amount of nickel on the recovery
The necessary amount of nickel for coprecipitation was selected experimentally. The effect of the amount of nickel on the recovery was examined due to choosing it as a carrier element, and occurring at high concentrations in the final measurement solutions. For that reason, various amounts (50 -500 ml or corresponding a mass of 2.5 -25 mg) from the stock solution of Ni(II) (50000 mg l -1 ) were added to the model solutions for investigating the effect of the carrier element on the recovery of the analyte ions. In all of the experiments made in order to determine the optimum experimental conditions, the final volume (10 ml) for measurement always contained 50 mg of Cr(III) and Pb(II), 5 mg of Cd(II), and 25 mg of Fe(III), Cu(II), Co(II), and Mn(II). The optimum amount of nickel was found to be 15 mg.
Effect of the pyridine amount
The influence of the amount of pyridine, which is bound as a ligand to the central atom (Ni) in the formed precipitate, on the recovery was investigated. For this purpose, to a series of model solutions including 50 mg of Cr(III) and Pb(II), 5 mg of Cd(II), and 25 mg of Fe(III), Cu(II), Co(II) and Mn(II), and also containing 15 mg Ni(II) as a carrier element were added pyridine reagent with different amounts from 0.1 to 1.0 ml; and the pH of the solution was adjusted to ca. 10 with NaOH. The recoveries for Cd(II), Cu(II), Mn(II), and Pb(II) ions were quantitative up to 1.0 ml of pyridine, except for Co(II), up to 0.3 ml, while the recoveries were quantitative up to 0.75 ml of pyridine for Cr(III) and up to 0.3 ml for Fe(III). Because of this, the amount of pyridine was choosen to be 0.3 ml to obtain quantitative recovery results. Only Fe(III) had a somewhat low recovery (92%) for 0.3 ml of pyridine. 
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Influence of the amount of KSCN
The influence of the amount of KSCN on the recovery of trace levels of Cd(II), Co(II), Cr(III), Cu(II), Fe(III), Mn(II) and Pb(II) ions were examined. To a series of model solutions, with their pH values adjusted to ca. 10 with NaOH, including 50 mg of Cr(III) and Pb(II), 5 mg of Cd(II), and 25 mg of Fe(III), Cu(II), Co(II) and Mn(II), and also 15 mg Ni(II) as collector element and 0.3 ml of pyridine reagent, were added in different volumes of a 5% KSCN solution from 0.5 to 4.0 ml. The recoveries for all the metal ions studied were quantitative, beginning from the addition of 2 ml of 5% KSCN solution to 4 ml. In further experiments, thus, 2 ml of 5% KSCN solution was used.
Effect of the standing time of the precipitate on recovery
The recoveries of the analyte ions were not influenced by the standing time of the precipitate using the optimized experimental conditions represented above. Thus, almost ≥90 recoveries were obtained within 10 min after the formation of tetrakis(pyridine)-nickel(II)bis(thiocyanate) precipitate; the recoveries remained unchanged for at least 75 min of standing time. Thereafter, a 10-min standing time was used in further studies.
Influence of sample volume
The effect of the sample volume on the coprecipitation process was also investigated, while taking aliquots of 50 to 750 ml from the synthetic seawater samples spiked with the metal ions interested. The recoveries obtained for Cu(II), Pb(II), Mn(II), Co(II) and Cd(II) were quantitative (≥95%), and almost constant up to a sample volume of 750 ml, except for Cd(II) and Co(II) only up to 500 ml. For Cr(III), the only quantitative recovery was observed at 50 ml of the sample solution; after this point, the recoveries changed between 61 and 71% with the increasing sample volume. Fe(III) showed low recoveries, changing between 69 and 84%. The reason of such low recoveries obtained for Fe(III) and Cr(III) may be related to the effect of the thiocyanate and amphotheric characteristics, respectively. Besides, the ionic radii of these two ions are very different (lower) from the other studied ions, which may be cause their low and constant recoveries of about 60 -80%. On the other hand, tetrakis(pyridine)metal(II)bis(thiocyanate) precipitate forms only (or constitute) with divalent metal ions, such as Hg(II), Cu(II), Cd(II), Co(II), Ni(II), Mn(II), and Zn(II). All of these properties may cause low recoveries for these two trivalent metal ions.
Detection limits, precision and enrichment factors
The detection limits are generally defined as the analyte concentration giving a signal equal to the three-times the standard deviation of blank signals. The detection limits (3s, n = 25) were 0.12, 0.11, 2.44, 0.01 and 0.01 mg l -1 for Cu, Mn, Pb, Co and Cd, respectively, for 50 ml of the blank solutions. For this purpose, it has been studied with aliquots of 50 ml of blank samples. The blank values for Co(II), Cd(II), and Pb(II) were less than their detection limits, whereas the blank values for Cu(II) and Mn(II) ions were found to be 18 and 40 mg l -1 , respectively.
When a 50-ml of sample solution was preconcentrated to 10 ml of the final solution, a concentration factor of 5 could be achieved. If a 500 and/or 750 ml sample volume is taken at the beginning, it could be easily reach to a concentration factor of 50 and/or 75 for 10 ml of the final measurement volume.
The precision of the method based on the relative standard deviations (RSD, %) was evaluated by model solutions (50 ml) containing 50 mg of Cr(III) and Pb(II), 5 mg of Cd(II), and 25 mg of Fe(III), Cu(II), Co(II) and Mn(II) ions under the optimum conditions mentioned above. The RSDs were found in the ranges of 1 -6, 2 -6, 1 -4, 2 -4 and 1 -6% for Cu, Mn, Pb, Co and Cd, respectively. 
Sample volume, 500 ml; nal volume, 5 ml; n = 3. Sample volume, 100 and 200 ml; nal volume, 5 ml; n = 5.
Accuracy and analyses of the standard reference materials
The accuracy of the present method was demonstrated by recovery studies using seawater and dialysis concentrate samples and analyses of the analytes in a soil (NIST SRM 2711) and a waste water (HPS Lot #D532205) certified reference materials. For recovery studies, 500 ml of seawater samples collected from different seas of Turkey were used. The analytes spiked to the seawater and dialysis concentrate samples with amounts changing from 0.5 to 5.0 mg ml -1 were recovered quantitatively (92.0 -102.0%). The results are given in Tables 1 and 2 . On the other hand, the developed coprecipitation method was applied to the soil reference material (NIST SRM 2711 Montana soil II) for the determination of Mn(II), Cu(II), Cd(II) and Pb(II) ions. The results are given in Table 3 ; they are in agreement with the certified values of the SRM with satisfactory findings.
In the analysis of HPS Certified Waste Water Trace Metals Lot #D532205 using the developed method, good results agreeing very well with the certified values were obtained for Cr(III), Mn(II), Co(II), Cu(II), Cd(II) and Pb(II) ions, as illustrated in Table 4 . The relative errors of the results were less than or equal to |-4.2%|, except for Cd (-16.0%). Analyses were run in triplicates. These results indicate that the proposed method was successfully applicable to aqueous samples, rather than solid samples to some extent.
Analysis of seawater samples
The optimized coprecipitation method was applied to various seawater samples collected from the different regions of Turkey. Using 500 ml of a seawater sample from each sampling location, the proposed tetrakis(pyridine)nickel(II)bis(thiocyanate) coprecipitation method was applied. The results are given in Table 5 . The system was successful in preconcentrating the analyte metal ions from large sample volumes (500 ml, except for Fe(III) and Cr(III) ions, and up to 750 ml, except for Cd(II)).
Conclusions
The results showed that the proposed separation/preconcentration procedure for the determination and enrichment of Mn(II), Co(II), Cu(II), Cd(II) and Pb(II) ions from seawater samples and of Cr(III), Mn(II), Co(II), Cu(II), Cd(II) and Pb(II) ions from dialysis solutions yielded satisfactory results. The proposed method for the determination of Fe(III) in aqueous solutions is only valid when the sample volume is less than 50 ml. Enrichment factors of from 50 to 75 could be achieved for the elements studied, except for iron, by choosing proper sample and final measurement volumes. The proposed method has good recovery and detection limit values, i.e., 96 -101% and £2.44 mg l -1 , respectively. The system showed reproducibility and reliability in analytical data, with a RSD value of lower than 5% in triplicate experiments. The results obtained with the proposed method were comparable to those of other coprecipitation studies described in the literature (Table 6) , especially performed by FAAS. As a consequence, this method has even lower detection limits, better precision and comparable and/or much higher enrichments factors with respect to the others. The method could be easily applied to samples including high salt contents, and also solid environmental samples, i.e., soil, sediment, dust etc. The method was successfully applied to two certified reference materials for determining Cr(III), Mn(II), Co(II), Cu(II), Cd(II) and Pb(II) ions in HPS Certified Waste Water Trace Metals Lot #D532205 with very good results, and for determining Mn(II), Cu(II), Cd(II) and Pb(II) ions in NIST SRM 2711 Montana soil II certified reference material with acceptable accuracy.
Finally, the proposed method has advantageous matrix matching, rather than those using simple model solutions media in the method development steps, because the presented method was developed throughout in Strong acids digestion a. 2 ml HNO3 + 2 ml HF + 1 ml HCl. b. 5 ml aqua regia + 1 -2 ml HClO4 + 5 ml aqua regia. Concentrations in mg ml -1 , n = 3. experiments by using synthetic seawater samples as model solutions media. Consequently, the proposed procedure is fast, simple, precise and economic from the viewpoint of common chemicals used. It could be performed within 35 min. 
